Abstract-A new gap waveguide concept is presented, where the air gap between the perfect electric conductor and artificial magnetic conductor (AMC) parallel plates of a conventional gap waveguide structure has been reduced to almost zero. When the air gap is reduced, the periodic metal pin layer (which emulates the AMC characteristics) may come in contact with the top metal layer. A statistical analysis of a random contact of the pin texture and the top metal plate in this new type of gap technology guiding structure, so-called zero-gap, is elaborated in this paper. The periodic pin texture creates a stopband for parallel plate modes, and it is also used as a mechanical support while assembling the waveguide structure. This presents a significant manufacturing advantage, especially for corporate feed-network of array antennas at millimeter-wave frequencies. A V -band 8 × 8 slot array fed with this new waveguide is also designed and manufactured to show the potential of this newly proposed zero-gap waveguide structure. The measured results show 20% of relative impedance bandwidth (|S 11 | < −10 dB) and an overall antenna efficiency larger than 60% over the 56.5-69-GHz frequency band.
I. INTRODUCTION

O
VER the past few years, the millimeter-wave (mm-wave) frequency band has got a lot of attention in the evolution of wireless communication systems toward 5G to achieve higher data rates and lower latency. Further research needs to be carried out to solve existing hardware challenges, such as active and passive components integration, packaging problem, and cost-effective manufacturing techniques in the development of mm-wave applications.
Planar technologies, such as microstrip, coplanar waveguide, and substrate integrated waveguide (SIW), Manuscript are widely used due to the interesting characteristics of lowprofile, low-cost, ease of fabrication, and the best existing solutions for active components integration. However, these transmission lines have the drawbacks of high dielectric loss and field leakage, especially for increasing operating frequency. One solution to reduce the dielectric loss is to use thin-film substrate [1] . However, a narrower strip must be used in order to have a 50-line impedance, which increases the conductive loss. Metallic hollow waveguides have benefits of low losses and high power handling capability, compared to planar technologies. Fabrication and assembly issues of complex waveguide structures present a challenging task, in particular at mm-wave frequencies. The traditional way to manufacture commercial high-performance rectangular waveguide lines is using machining techniques, such as computerized numerically controlled milling and electric discharge machining (EDM) in E-plane split-blocks. The strict mechanical requirements lead to the use of complex and high-precision manufacturing techniques and, thereby, costly solutions for complicated structures. A corporate-fed multilayer rectangular waveguide-based slot array antenna is reported in [2] . This is based on normal rectangular waveguide technology realized by diffusion bonding of many thin copper plates in order to achieve good electrical contact between all the plates.
There exists a gap between the planar transmission lines and the nonplanar hollow waveguides in terms of loss performance and fabrication flexibility. It is desired to develop a solution that has the benefits of the traditional technologies. Gap waveguide technology was proposed in [3] with promising characteristics and potential to overcome the above-mentioned challenges. Several passive components, such as filters [4] - [6] , planar array antennas [7] - [9] , and active component packaging [10] - [12] , based on gap waveguide technology have been presented over the past few years.
In this paper, we present a new type of gap waveguide technology-based guiding structure, the zero-gap waveguide, to overcome the assembly problem associated with good electrical contact, especially at the mm-wave frequencies. Previous works on gap waveguide [13] , [14] show that at high frequencies, the assembly tolerances, specially related to the gap stability, can affect the overall component performance. In this paper, a statistical analysis has been performed to study 2156-3950 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the random contact between the pin texture and the upper metal lid in order to investigate the effect of uncertain capacitances between the pins and upper plate, which constitutes the gap waveguide. In addition, we present a double layer slot array antenna based on this technology, which is fabricated by die-sink EDM, as a verification and application of this new technology.
II. ZERO-GAP WAVEGUIDE STRUCTURE
The gap waveguide technology has advantageous properties, such as low loss and flexible manufacturing and assembly, especially at mm-wave frequencies. This new transmission line was introduced in [3] as an extension of previous works in [15] on hard and soft surfaces. The basic principle operation of gap waveguide is the use of soft/hard boundary conditions to achieve a cutoff band of all propagating modes in a perfect electric conductor (PEC)/perfect magnetic conductor parallel-plate waveguide configuration. A periodic texture, e.g., a metal pins surface, in combination with a smooth metal plate creates a PEC/artificial magnetic conductor (AMC) stopband and suppresses undesired modes and leakage [16] . It acts as a high-impedance surface when the air gap between the pins and upper plate is smaller than a quarter of the wavelength. The wave propagation can be controlled by introducing a guiding structure, such as a ridge or groove in between the textured surface. However, at mm-wave frequencies, this air gap becomes quite small (about 0.25 mm at 60 GHz) and adds some constrains regarding mechanical tolerances for gap waveguide components, such as antennas and filters. Fig. 1 shows the geometry of the traditional gap waveguide structure and the equivalent zero-gap concept. In the zero-gap structure, the pins can have mechanical contact with the upper lid, and thereby, they can be used as a pillar for the upper metal plate assembly. The gap between the pins and upper metal plate can be made almost zero and still maintaining the stopband properties of the pin structure. However, there is no need for electrical contact between the textured surface and upper lid. This represents a manufacturing advantage and flexible assembly technique, in particular, for corporate feed-network of array antennas.
Therefore, the motivation of the zero-gap waveguide concept is related to the above-mentioned constraint in air gap. We show in this paper that the air gap between the PEC/AMC plate can be effectively reduced to almost zero, and still a parallel-plate stopband can be achieved similar to the traditional gap waveguide with a fixed air gap between the PEC/AMC plates.
The dispersion diagram of a unit cell, consisting of a groove structure and pins, which creates the stopband in V -band, is shown in Fig. 2 . A small gap (0.05 mm) is considered between the pins and the upper plate. The dispersion diagram is calculated using the eigenmode solver of CST Microwave Studio for the unit cell with periodic boundary condition. A single mode, e.g., TE 10 , propagates between the two plates similar to rectangular waveguides over the frequency band 40-80 GHz. Fig. 3 shows the schematic of the groove zero-gap waveguide transmission line. It consists of a textured surface and a metal plate at the top. Electrical contact between the building blocks is not needed for electrical performance; however, for mechanical support, the upper metal lid can rest on the top of pin texture. Practically, in the presence of flatness problem in upper metal plate, the gap between the pins and upper plate can be varied. It can happen especially in a large surface, such as feed-network of array antennas. Varying gaps can cause variable and uncertain capacitances between pins and upper plate and, thereby, led to multi reflections. We study this effect to ensure the good performance of zero-gap waveguide under any circumstances.
III. STATISTICAL ANALYSIS OF RANDOM PIN CONTACT
We have done a statistical analysis of random contact between the pin texture and upper metal plate. The initial structure has a pin height of 1.5 mm with a fixed air gap of 0.05 mm between all pins and upper lid. A uniform random number between 0 and 0.1 mm is added to the height of each single pin, located in the two rows around the groove. Therefore, statistically, 50% of the pins have electrical contact with the upper plate, as shown in Fig. 4 . Fig. 5 shows simulated results of a 154 mm long (32λ at 62.5 GHz) groove zero-gap line with 100 cases. Simulation results for the case with fixed gap equal to 0.05 mm for all the pins and the case when all pins have contact with the upper plate are also presented. We have used silver as material of the structure. As shown in Fig. 5 , varying the gap causes extra reflections, comparing to the case with the fixed gap. The case when all of the pins have electrical contact with the upper plate has the best performance and it is the ideal case. However, realizing the good electrical contact between the textured surface and the upper plate is very difficult and not needed in gap waveguide technology. The actual performance of the structure in Fig. 3 is expected to be below the envelope of the simulation results in Fig. 5 . Fig. 6 shows the envelopes of the S-parameters of 100 simulations with random gaps for different pin heights. Half of the pins do not have electrical contact with the upper lid. For shorter pins, the stopband is shifted to higher frequencies, and therefore, with improper stopband, the performance of the structure is degraded.
In [17] , an air-filled SIW solution is presented to overcome the problem of high dielectric loss and limited power handling of substrate-based transmission lines. It consists of three sandwich substrates, where an air-filled waveguide channel is made by removing the dielectric in the middle layer by using laser micromachining. A Rogers RT/Duroid 6002 substrate with thickness of 0.508 mm is used as middle layer substrate. It is reported that the insertion loss is reduced from 0.23 to 0.06 dB/cm at U -band (40-60 GHz). However, in this solution, good electrical contact between those layers is required in order to avoid field leakage through vias. This is the main difference between gap waveguide technology and SIW. In gap waveguides, the pin's height is around quarter of the wavelength to produce a stopband, which eliminates any possible leakages. When the plated vias in SIW are properly implemented, the power leakage is not significant and can be ignored. However, in SIW structures, the via hole's height is very short (equal to the substrate thickness and around λ/14 at U -band in [17] ), and therefore, without good electrical contact, there will be significant leakage. Fig. 7 shows the fabricated zero-gap waveguide line. The prototype is fabricated in brass and, afterward, plated with silver. The measured S-parameters of the prototype are presented in Fig. 8 . The measurement is carried out by using the Keysight N5241A PNA-X Vector Network Analyzer and the VDI WR-15 extenders with Thru, Reflect, and Line calibration method. There is some discrepancy between the simulated result with a fixed gap and the measured S 11 , which is due to uncertain gaps between the pins and top plate. However, the measured S 11 is below the envelope of statistical analysis. The measured insertion loss is around 0.033 dB/cm, and it is slightly higher than the simulated one, which is due to the surface roughness and larger conductive loss of the fabricated prototype.
We have also manufactured a rectangular waveguide line with the same length in H -plane split-block. Fig. 9(a) shows the manufactured prototype. We have used the same top metal plate for both rectangular and zero-gap waveguide prototypes. The bottom block of the fabricated rectangular waveguide is in brass. Fig. 10 shows the measured S-parameters of the rectangular waveguide line with flat top walls, as shown in Fig. 9(b) . The measurement shows significant leakage due to the tiny gap between the two blocks. To improve the electrical contact between the blocks and, therefore, reduce the leakage, the bottom block of the prototype is modified by making small steps at the sides of the waveguide walls. The cross section of the modified waveguide is shown in Fig. 9(c) .
The measured S-parameters of the modified waveguide are presented in Fig. 11 . The measured results of the zero-gap waveguide line are also presented. Adding a small step drastically improves the performance. However, the zerogap waveguide prototype shows lower loss than the H -plane split-block rectangular waveguide. It is worth mentioning that the fabricated rectangular waveguide is a straight line, and in the presence of discontinuity, the performance will degrade as well. In practice, waveguide structures are manufactured in E-plane split-blocks to avoid such leakage. In [18] , an E-plane split-block rectangular waveguide is reported with average insertion loss of 0.045 dB/cm at W -band. However, E-plane split-blocks are not really suitable for complicated wideband slot antenna arrays, such as the one presented in [2] . This mechanical flexibility of zero-gap waveguide gives an extra advantage for slot array applications and offers new opportunities for making cost-effective antennas at the mm-wave frequency range. Table I shows a comparison between different manufacturing techniques of air-filled metal rectangular waveguides. The fabricated groove zero-gap waveguide line shows a comparable performance to the E-plane split-block hollow waveguide lines with a low insertion loss.
IV. CORPORATE-FED 8 × 8 SLOT ARRAY ANTENNA
We have designed a multilayer wideband corporate-fed slot array antenna with a ridge zero-gap waveguide distribution network to future verify the concept. The designed antenna consists of three distinct metal layers. Fig. 12(b) ]. All the slots are excited with the same phase and amplitude to achieve maximum directivity. A comprehensive design procedure is presented in [20] - [22] .
A prototype is manufactured by using die-sink EDM in steel with a simple mechanical assembly. The fabricated prototype is shown in Fig. 13 . The total size of the antenna is 42 mm (length) × 42 mm (width) × 9 mm (height). In [22] , the use of die-sink EDM technique to manufacture high-gain antenna based on gap waveguide technology is presented for the first time. In EDM technique, a desired pattern is made by removing the material by high-energy discharges between two conductive materials (a workpiece and an electrode). The electrode consists of the negative version of the required pattern. The electrode is usually made of graphite or copper alloys due to their high electrical and thermal conductivities and high melting temperature. Thermal and electrical conductivities of the workpiece are the most important parameters that determine the manufacturability and the quality of the final product by using EDM process. They determine how the material heats up and vaporizes. In [22] , aluminum is used to fabricate the antenna with EDM technique. The thermal conductivity of aluminum is 204 W/mK. That makes aluminum a good thermal conductor and difficult to efficiently heat up locally by sparks. On the other hand, steel has lower thermal conductivity (42.6 W/mK), which makes it a better candidate material for EDM process. We have achieved a tolerance of less than 15 μm for the fabricated prototype in this paper, in contrast with the reported tolerance of 40-100 μm in [22] . Fig. 14 shows the simulated and measured input reflection coefficients of the antenna. The measured reflection coefficient is below −10 dB with relative impedance bandwidth of 20% (56.5-69 GHz). The simulated and measured realized gains of the antenna are shown in Fig. 15 . The simulated realized gain for steel with electrical conductivity of 0.7 × 10 7 S/m and aluminum with electrical conductivity of 3.58 × 10 7 S/m are presented. The measured antenna efficiency is above 60% for most of the operating band. The reduction in gain could be due to the conductive loss and also magnetic loss of steel. A comparison between the presented array antenna and several published planar array antennas is presented in Table II . The SIW-based corporate-fed array in [23] shows lower antenna efficiency than the hollow waveguide array antenna in [2] due to higher losses in the feed-network. A wide impedance bandwidth has been achieved with the proposed antenna. Moreover, the designed antenna shows similar efficiency to the ones in [20] and [22] .
The simulated and measured normalized radiation far-field patterns of the antenna in the E-and H -planes at different frequencies are presented in Fig. 16 . There is a good agreement between the measured and simulated copolar radiation pattern in a large bandwidth. The measured cross-polar patterns are also presented with cross-polarization better than −40 dB in all the planes. The designed antenna exhibits good radiation pattern performance over a broad frequency range, as shown in Fig. 17 .
V. CONCLUSION
A new waveguide solution to overcome the problem of good electrical contact due to mechanical assembly constraints maintaining low loss has been presented in this paper. In this new gap waveguide structure, the pins can have mechanical contact with the upper lid and still present a good performance. This paper shows that the key characteristic of gap waveguide structures is the height of the pins, which creates a parallel-plate modes stopband. This represents a manufacturing advantage, especially for the design of complex corporate feed-network of array antennas in mm-wave frequencies. A corporate-fed 8 × 8 slot array antenna has been designed to show the advantage of the zero-gap concept. The measured results show a wide impedance bandwidth and good radiation patterns.
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